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TWO EXTREME POSSIBILITIES

1) All clouds are magnetically subcritical:

a) Increase M relative to Mg, e.g.,

—
B Clushred
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b) Decrease Mg relative to M by ambipolar diffusion:

ISo ’4,','44'
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2) All clouds are magnetically supercritical:

a) Wait for tubulence to decay

b) Feedback necessary if not to have too high a rate of star formation (strong
constraint only in distributed mode?)



MAGNETIC SUPPORT OF MAGNETIC CLOUDS

(Mestel & Spitzer 1956, Mestel 1965, Strittmatter 1966)

Magnetic Critical Mass:

¢

Mq) E-————27rG1/2 .

Isothermal Sound Speed:
BT\ 1/2
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External Pressure Needed to Confine Cloud of Mass M Threaded

by Magnetic Flux & to Volume V (Virial Theorem):
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STAR FORMATION THEORY

TABLE 1. Zeeman Measurements from Crutcher (1999)

Cloud N(Hg) B” mN(Hg)/B“ E/B = ?‘
(102 em~=2) (uG) (2rGY2)~t  (2rGY/3H)1
W30H 50.1 3100 1.1 0.3
DR210H1 39.8 710 3.6 0.9
SgrB2 25.1 480 34 0.9
M17SW 12.6 450 1.8 0.5
w3 15.8 400 2.6 0.6
S106 6.3 400 1.0 0.3
DR210OH2 20.0 360 3.6 0.9
OMC1 15.8 360 2.9 0.7
NGC2024 7.9 87 5.9 1.5
S838B 2.0 69 1.9 0.5
B1 0.8 27. 1.9 0.5
W49B 0.4 21 1.2 0.3
W22 1.6 18 5.7 14
W40 1.0 14 4.6 1.2
p Ophl 0.5 10 3.3 0.8
OMCN4 12.6 <280 . >29 > 0.7
TauG 0.4 <16 > 1.6 > 04
L183 0.2 <16 > 0.6 > 0.2
L1647 . 1.3 <15 > 5.5 > 1.4
p Oph2 0.4 <14 > 1.8 > 0.5
TMC1 0.8 <13 > 4.0 > 1.0
L1495W 0.4 <13 > 2.0 > 05
L134 0.2 <11 > 1.2 > 0.3
TMC1C 0.8 <9 > 5.7 > 14
L1521 0.5 <9 > 3.6 > 0.9
L3889 1.0 <7 > 9.3 > 2.3

Taulé 0.5 <7 > 4.7 > 1.2
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FiG. 10.—Evolutionary tracks in the H-R diagram for all computed masses,
We also include the tracks for A, = 0.6 My and 1.0 M, as obtained by
Parigi (1992). Each track is labeled by the corresponding mass in solar units.
Fick marks indicate evolutionary times, as given in the table. Each track starts
1t the birthline (dotted curve) and ends at the ZAMS. The latter curve has been
mitted for clarity.
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F1G. 12—Effect of the protostellar mass aocretion rate on pre-main-
sequence evolution in the H-R diagram. The tracks of selected masses are
shown schemaucally {dashed curves), starting from the birthiine computed with

=10"% Mg yr~! (open circles). Stars of lower mass join onto standard
lracks (solid curves) by the time they have crossed the birthline corresponding
1o M = 1075 M, yr™! (dorted curve). The displayed portions of the 9 and 15
M tracks are from Iben (1965).
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FiG, 13.—Observed distribution of low- and intermediate-mass pre-main-
sequence stars in the H-R diagram. Data for Herbig Ae/Be stars (large filled
circles) are taken from Berrilli et al. (1992). while the T Tauri stars {small dots)
are from Strom et al. (1989). The theoretical tracks and birthline are the same

as in Fig. 10.



MECHANICS OF STAR FORMATION
Frank H. Shu
University of California at Berkeley
Outline of Lecture

e Four Stages of the Formation of Sunlike Stars
1. Condensation of Molecular Cloud Cores

2. Gravitational Collapse and Protostars
3. Winds, Jets, and Bipolar Outflows
4. T Tauri Stars and Protoplanetary Disks

¢ Some Big Open Issues
1. Distinction Between Single and Multiple Star Formation
. Distinction Between Low-Mass and High-Mass Star Formation

. Distributed versus Clustered Star Formation

2

3

4. What Determines the Initial Mass Function?

5. What Sets the Rate of Star Formation in GMCs? In Galaxies?
6

. How Common is Planet Formation? Do Disks = Planets?

References

The Origin of Stars and Planetary Systems, 1999, ed. C. J. Lada & N. D.
Kylafis (Dirdrecht: Kluwer)

Protostars and Planets IV, 2000, ed. V. Mannings, A. P. Boss, & S. S.
Russell (Tucson: University of Arizona Press)
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Figure 16. A direct image and an echelle spectrum of the HH 34 flow, shown as contour.
plots, on the same scale. The line through the direct image shows the slit position. The long
slit spectrum is the sum of the [SII] 6717/6731 lines, showing the blueshifted jet emission. The
position of sky emission, which has been carefully subtracted, is indicated by a line. Further
details are given in the text. From Heathcote and Reipurth (1990c).
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Figure 2. Isodensity contours (solid curves) and streamlines (dotted curves) for a cold
x-wind with B(%) = Bo(1 — ¢)"'1/ 3 where fo = 1. Isodensity contours are spaced loga-
rithmically in intervals of Alog,, p = 0.5, and streamlines are spaced so that successive
dotted lines contain an additional 10% of the total mass loss in the upper hemisphere of
the flow. The loci of the Alfvén and fast surfaces are marked by dashed lines. The empty
space inside the uppermost streamline, t < wh, is filled with open field lines from the
central star that asymptotically have the field strength, B, = 28/ wi.
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WHY EARTHS ARE PROBABLY RARE

1. Gas giants like Jupiter and Saturn probably form in nebular disks on a
time scale comparable to or shorter than the few million years that nebular
disks are seen to survive around typical T Tauri stars. This time scale is
significantly shorter than the 10® yr timescale that numerical simulations
indicate is needed to assemble the terrestrial planets, and the few times 108
yr which the lunar record shows that the primitive Moon was subject to
heavy bombardment by meteoroids.

2. If gas giants form early and later migrate into the terrestrial planet-
forming zone, the consequences for the orbital stability of the latter would
be disastrous. If orbital migration is as common as seems to be indicated
in some theoretical calculations, and as may be suggested by the finding of
numerous Jupiter-like bodies well within the ice-line of their star systems,
then terrestrial planets with solar-system like configurations may be quite
rare. Perhaps the Earth is a happy accident that Jupiter formed in our
solar system only relatively late in the evolution of the solar nebula, when
there was relatively little mass left in the disk to force significant orbital
migration of Jupiter.

3. Even if planets with stable rocky surfaces exist around other stars, the
habitable zone (where water can exist as a liquid on the planet’s surface)
appears to be quite narrow in the best calculations. Indeed, even for the
Earth itself, it remains a puzzle why the climate was so temperate during
its first couple of billion years (the faint early-sun paradox).

4. If conditions for Earthlike planets with lifeforms capable of evolving
at least one species with high technological capability is as common as
some SETI enthusiasts would have us believe, then “why aren’t they here?”
(Fermi’s paradox). '

5. Both thesis and antithesis that Earths are common and that Earths are
rare have compelling arguments (and zealous adherents) on their sides. In
such a situation, further theoretical argument is useless. We need good
scientific experiments. The Terrestrial Planet Finder (TPF) Mission is
NASA’s response to this challenge for the beginning decades of the twenty-
first century.
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(a) (b)

F1G. 2.—Schematic depiction of the convolution of the double-horned
rotational broadening function (heavy line) with the rest distribution of
lines near the band head (light line). The rotational broadening function is
the profile of an isolated line from an inclined Keplerian disk that has a
monotonically decreasing intensity distribution between an inner and
outer radius. The rest spectrum of lines near the band head includes line
blendir_ .iue to local line broadening sources and assumes LTE level
populations at a characteristic inner disk temperature.
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FiG. 1.—The v = 2-0 band head emission from WL 16 which shows the w h * . J ?
characteristic shape of band head emission from a rotating disk: a blue e .’ " .

wing, a shoulder, and an intensity peak redward of the band hegd, The
spectral region covered by our observations includes the R39-R62 lines.
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marily in the inner portion of the shock, corresponding to the relaxation region of the temperature avershoot. () Temperature as
a function of radius. The gas temperatures (crosses) and radiation temperature (squares) structure is shown (left scale) in the vicinity
of the accretion shock. Matter and radiation are in thermal equilibrium in the core, in the atmosphere, and in the envelope. However,
they decouple in the accretion shock as well as in the optically thin, essentially adiabatic preheating compression zone in front of the
shock front. The luminosity (solid cerve, right scale) produced in the preheating zone is negligible compared to that produced in

the temperature overshoot relaxation zone, as is the contribution of the protostellar core.

Winkley and Newman

(1980
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Scathered Near- IR L-’;H
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Gibor Basri
Ultraviolet Line Eclipses by Extrasolar Planets

two colliding winds has recently been given by Wilkin (1996) and Canto, Raga, & Wilkin
(1996). All one needs to specify is the mass loss rates and speeds of the two winds, and the
separation of the two wind sources.

The extent to which the planetary wind will be blown back by the stellar wind is given
as a function of the parameter 3, which is %’;—Z? Our best estimate of the value of 3 is
therefore 5 x 1073, This leads to an opening angle of the planetary hydrogen tail of about
20° (Fig. 1). Because this angle only depends on the cube root of j3, it is not likely to be far
wrong. The angle is not likely to be less than 12° or more than 30%. In the simple theory,
the wind will continue to open with that angle indefinitely, which would guarantee an eclipse
so tong as the orbital inclination to the line of sight was less than this opening angle. In

practice, the line of sight will intersect the wind within a star-planet geparation [ or twe-if—

it is going to intersect at all (except in a very small range of grazing angle§). Thus our angle
estimate is a convincing limit on the range of orbital inclinations allowedXThese angles are
2-5 times larger than the angles allowed by direct eclipses of the planets themselveé]

Of course, there is likely to be a planetary magnetosphere, and the stellar wind also
contains a magnetic field, which introduces uncertainty in the estimation. If the planet is
like Jupiter, we can expect a substantial magnetic field. One can argue it will be somewhat
weaker than Jupiter’s because these planets are tidally locked to their stars and -so-withave
rotation periods a factor of 10 slower than Jupiter. In stars (and planets), the magnetic flux
produced by the dynamo is proportional to the rotation rate. Furthermore, the convective
motions internal to the planets are likely to be less vigorous than in Jupiter because of their
strong surface heating. Jupiter’s “magnetodisk” extends to 50 R; or more, and a weaker
field strength combined with the far higher rate of exospheric particle emission would serve
to inflate the magnetosphere still further. The magnetic fields help couple the winds, so we
expect a shock between them not unlike that in the fluid theory. For neutrals the mean-free-
path is about D, but for ions the gyroradius is only about 1 km.

On the other hand there is increased pressure from the stellar wind for these planets
compared with Jupiter. The stellar winds might be weaker than the solar wind, since 51 Peg
is less active and the other two stars are earlier spectral types with thinner convection zones(_ ",
The stellar wind not only affects the opening angle, but eventually acts to force the tail to
stop opening and ﬁow radlal ﬁy outward. Because of the high mass flux from the extrasolar
planets, their tails are eﬁ:&te stiff”, and we find this will not occur for roughly 2-5 times the
distance of the planet to the star. The planetary magnetic field also acts on the sunward
side to stiffen the obstacle presented over what is assumed in the simple theory, and so will
open the tail cone and allow eclipses at greater orbital inclinations. Because of the already
high pressure, however, this may not help much down the tail.

The planetary hydrogen might be seen as a large absorption feature against the stellar
Ly-o emission line. Essentially all the material emitted by the planet ends up in the magne-
totail. We integrate Wilkin’s model through the preshock gas and the denser shocked shell,
obtaining a column density og = 2 X 1013(1034)/[(10%0)(m—ﬁiﬁ)]cm 2, Integrating through
the cloud structure then yields total columns of around 10*®. One needs a column several
tenths of an AU long before there is as much hydrogen in it as in the rest of the ISM to the
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MAGNETIZED SINGULAR ISOTHERMAL DISKS (SIDs)
AND
THEIR BIFURCATIONS

Dimensionless Mass-to-Flux Ratio:
B 2orGL/2y;

= ————— =const > 1.
B, -

Dilution Factor for Self-Gravity Due to Magnetic Tension:
1
e=1-— 5\’5‘
Enhancement Factor for Gas Pressure Due to Magnetic Pressure:
A +3
A2+1
Notice that © < 2. For unmagnetized SIDs: ¢ =1 and © = 1.

@:

Axisymmetric Singular Isothermal Disk
Surface Density:

Oa?

Zo(w) = 2mGeGw (

1+ D?%).

Flat Rotation Curve:
w(w) = OY2D.

Toomre Q: .

Notice @ =1for D =+/2+ 1, and Q = Qumax = 2 at D = 1.

Bifurcations:

A

S
£1(w, ) = = cos(my)

have solutions with § # 0 at any D for |m| = 1, and at
2 m|

" Iml+2
Analogous to bifurcations of Maclaurin spheroids.

for Im| > 2.

1



PRINCIPAL RESULTS FOR
MAGNETIZED, SINGULAR, ISOTHERMAL TOROIDS

gDensity Distribution at t = 0:

a’

P60 = 5

R(9),

with /2
/ R(0)sin 48 = 1+ Ho.
0

e Magnetic Flux Distribution at ¢ = 0:
4ma’r

@(7‘, 9>O) = —5172—' ¢(9)

e Mass Infall Rate for ¢ > O:

3

M = Mo(l + H())gIG—,
where My = 0.975(1 + Hy) for Hy < 1 and Mgy = 1.05 for Hy > 1.
e Formation of Pseudodisk for ¢t > O:
Rp = zpat,

with zp = 0.3 for Hg = 0.25.
¢ Formation of Centrifugal Disk for ¢ > 0:

Re = zeat,

o ~ My?%/4 where rotational velocity at t = 0 is given by Ba with 8 < 1.
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BINARY STAR FORMATION — HISTORY OF IDEAS

e Newton (1686, Book III, Prop. XIX) estimates flattening of Earth due to
1ts rotation by a perturbational analysis.

On basis of astronomical measurements, Cassini asserts Earth to be prolate
rather than oblate. Maupertuis settles controversy by expedition to Lap-
land. Comments by Voltaire. Maclaurin (1740) gives general formula for
flattening of rotating, oblate, axisymmetric, liquid spheroids.

THE FISSION HYPOTHESIS

e The slow contraction of a uniformly rotating homogeneous spheroid
causes it to spin up faster, until the rate reaches a critical value at which a
sequence of Jacobi ellipsoids bifurcates from the Maclaurin spheroid
sequence (Jacobi 1834). Upon further contraction and spin-up, the Jacobi
ellipsoid becomes pear-shaped (Liapunov 1884, Poincaré 1885) and fissions
into two bodies (Jeans 1928 conjecture).

Two Difficulties:

1) Gaseous configurations with realistic degrees of central concentration
(e.g., polytropes), which are uniformly rotating, reach equatorial break-up
before Jacobi bifurcation (James 1964).

2) Differentially rotating polytropes can become bar-unstable before reach-
ing equatorial break-up (Ostriker and Mark 1968, Bodenheimer and Os-
triker 1973), but the development of spiral arms transports enough mass
inward and angular momentum outward so as to stabilize the configuration
against fission (Durisen, Gingold, Tohline, and Boss 1986).

References: Chandraskhar, Fllipsoidal Figures of Equilibrium. Tassoul,
Theory of Rotating Stars.
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Theorehical Backgrownd
'Pro}:crl.es of Molealae Cloud Cove
n o~ 10%em? [moS‘)l‘/ KD
T~ 10-30K
B ~ za-zo/z‘&
ni/n ~ 107 b n~i10tew® Coniz b/ cosmic m/s)
R few x 10 cm o 0.05 pe
O~ fewx 107" vad ¢!
?rofer,l.‘es of Sun : |
em lmostly HT)

~ 14 (2 1073 G in suns)w‘}s)

Surface
n./n ~ 1 LxcePJ- n 5.«.-’}«« )a/ers
R ~ IO" Cm

L~ Few «107€ vad 57/
Clowd = Slar : Contraction by few x 10° ;1 R and Ly

Zo

10 in n ?a.fses -"qu a‘mmec),‘m’t Problem:
5})7)\ /41? Mom. Peob. + R Q. const = [0R) b/ ICD'3 X
Mg} F;ux ?raL : R vadons"' > B 1 ID'? &



442 H. ZINNECKER ET AL.

Class {

Log ( AF)

ot
~<
o
o
~ L
T T i i
. Class 1
2t - \ /
= \\ 7/
Black Body N \O/
—1 % - — —
g TN
-l pu
1 1 1 !
. 10 20 100 100.0

A (um)

Figure 4. A schematic of the sequence of protostellar evolution, along with the

. accompanying evolution of the spectral energy distribution (SED). This figure,
taken from Wilking (1989), illustrates the ideas described by Lada (1988a) and in
the review article by Shu etal. (1987a).
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C

Figure 7 The four stages of star formation. (a) Cores form within molecular clouds as
magnetic and turbulent support is lost through ambipolar diffusion. (b) A protostar with a
surrounding nebular disk forms at the center of a cloud core collapsing from inside-out.
(c) A stellar wind breaks out along the rotational axis of the system, creating a bipolar flow.
(d) The infall terminates, revealing a newly formed star with a circumstellar disk.



MAGNETIZED SINGULAR ISOTHERMAL DISKS (SIDs)
AND
THEIR BIFURCATIONS

Dimensionless Mass-to-Flux Ratio:
2rGl/2y
= ——— = const > 1.

B,

Dilution Factor for Self-Gravity Due to Magnetic Tension:
1

e=1— 3\-2—
Enhancement Factor for Gas Pressure Due to Magnetic Pressure:
X +3
PCES
Notice that © < 2. For unmagnetized SIDs: e =1 and © = 1.

t

Axisymmetric Singular Isothermal Disk
Surface Density:

Oa?

_ 2
Zo(w) = 2rGeGw (1 +D ) '
Flat Rotation Curve:
Qw) = @1/2-D— = Epicyclic Frequency : s(w) = 2/2Q(w)
w
Modified Toomre Q:
O/ 2qk D
Q=

=2{/2—s.
1eG3g v (1+ D?) |
Notice @ =1 for D =+/2+1,and Q = Qumax = V2 at D =1.

Bifurcations:

~

S
21(@,¢) = — cos(my)

have solutions with S # 0 at any D for |m| =1, and at
2 ||

" Jml +2
Analogous to bifurcations of Maclaurin spheroids.

for |m| > 2.
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